Radiative and Auger decay data have been calculated for modeling the K lines of the aluminum isonuclear sequence, from Al 0 up to Al 11+ . Level energies, transition wavelengths, radiative transition probabilities, and radiative and Auger widths were determined using Cowan's Hartree-Fock with relativistic corrections (HFR) method. Results are compared with data sets computed with the AUTOSTRUCTURE and GRASP atomic structure codes and with available experimental and theoretical values, mainly in highly ionized ions and in the solid state.
Introduction
The improved resolution and sensitivity of current satelliteborne X-ray telescopes (Chandra, XMM Newton, and Suzaku) are allowing study of weak spectral features which are nonetheless of astrophysical interest. This is the case for the aluminum K lines that have been observed in various astrophysical objects. For instance, the aluminum abundance in the hot interstellar medium of the elliptical galaxy NGC 4472 has been very recently determined from the analysis of Suzaku and XMM Newton spectra (Loewenstein & Davis 2010) . The high-resolution Chandra spectrum of the micro quasar GRO J1655-40 has been analyzed, and the abundances of odd-Z elements, among them aluminum, have already been determined from the observed absorption K lines ). Al xiii and Al xii emission K lines were detected in high-resolution X-ray spectra of various clusters of galaxies recorded with the XMM Newton satellite (Peterson et al. 2003) . Schulz et al. (2009) observed the prototype Z-source Cyg X-2 twice with Chandra at very high spectral resolution along its entire X-ray spectral variation pattern. The second strongest narrow (several hundred km s −1 ) emission line was the He-like Al intercombination K line, detecting neither the resonance nor the forbidden line components. The Al xiii 1s−2p absorption line has been identified in the Chandra HETGS spectrum of the black hole candidate Cyg X-1, and may provide valuable Full Tables 14 and 15 are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/viz-bin/qcat?J/A+A/525/A59 diagnostics on the physical condition of the stellar wind (Chang & Cui 2007) . The coronal Al abundance of the eclipsing binary star AR Lacertae has been determined by Huenemoerder et al. (2003) . They used the H-and He-like Al K lines detected in its high-resolution 97 ks spectrum recorded with the Chandra High Energy Transmission Grating spectrograph showing overabundance with respect to solar for this low first-ionization potential (FIP = 5.99 eV) element. A K-shell emission line of Al xii has also been identified in the high-resolution Chandra MEG spectrum of the nuclear region of the Seyfert 2 galaxy NGC 1068 (Ogle et al. 2003) . Al is apparent in the spectra of several active stars observed by XMM-Newton and Chandra gratings (Nordon & Behar 2007) , in the spectrum of the high mass X-ray binary Vela X-1 (Watanabe et al. 2006) , the black hole candidate Cyg X-1 (Hanke et al. 2009 ), and in the highest signal-to-noise Chandra grating spectra from active galaxies, e.g., Kaspi et al. (2002) and Holczer et al. (2010) .
Following the work by Palmeri et al. (2002 Palmeri et al. ( , 2003a , Bautista et al. (2003 Bautista et al. ( , 2004 , Mendoza et al. (2004) , and Kallman et al. (2004) on the Fe K lines, by García et al. (2005) on the K-shell photoabsorption of O ions, by Palmeri et al. (2008a) on the Ne, Mg, Si, S, Ar, and Ca K lines, by Palmeri et al. (2008b) on the Ni K lines, and our recent studies of the K-shell photoionization and photoabsorption of N, Ne, Mg, Si, Ar, and Ca (García et al. 2009; Witthoeft et al. 2009 ), we report new atomic data for the K-vacancy levels in the aluminum isonuclear sequence. The main goals are to improve the atomic database of the XSTAR modeling code and to prepare ionic targets (configuration expansions and orbitals) for the lengthy computations of the K-shell photoabsorption and
Calculations
Three independent atomic structure packages were used. The main body of atomic data was computed with the Hartree-Fock with the relativistic corrections (HFR) method of Cowan (1981) . Data accuracy was assessed by means of two other approaches: (i) the multiconfiguration Breit-Pauli method, which incorporates a scaled Thomas-Fermi-Dirac statistical potential as implemented in AUTOSTRUCTURE (Eissner et al. 1974; Badnell 1986 Badnell , 1997 ; and (ii) the GRASP code McKenzie et al. 1980 ) based on the multiconfiguration Dirac-Fock method.
In HFR and AUTOSTRUCTURE, wave functions are calculated with the Hamiltonian including the Breit-Pauli relativistic corrections
where H NR is the usual nonrelativistic Hamiltonian. The onebody relativistic operators
represent the spin-orbit interaction, f n (so), the non-fine-structure mass variation, f n (mass), and the one-body Darwin correction, f n (D). The two-body Breit operators are given by
where the fine-structure terms are g nm (so) (spin-other-orbit and mutual spin-orbit) and g nm (ss) (spin-spin), and the non-finestructure counterparts are g nm (css) (spin-spin contact), g nm (D) (two-body Darwin), and g nm (oo) (orbit-orbit). HFR computes energies, A-values, and Auger rates with nonorthogonal orbital bases, which are generated by optimizing the average energy of each configuration. It also neglects the part of the Breit interaction (Eq. (3)) that cannot be reduced to a one-body operator. AUTOSTRUCTURE can use both orthogonal and nonorthogonal orbital bases for all the electronic configurations considered, which enables estimates of relaxation effects. Auger rates are computed in both HFR and AUTOSTRUCTURE in a distorted wave approach. The Auger decay channels considered in the present calculations and the configuration-interaction (CI) expansions used are the same as in our previous papers on the Fe isonuclear sequence (Bautista et al. 2003; Palmeri et al. 2003a ,b, Mendoza et al. 2004 . Our third package is GRASP, which is an implementation of the multiconfiguration Dirac-Fock (MCDF) method where the atomic state function (ASF) is represented as a superposition of configuration state functions (CSF) of the type
where Ψ and Φ are the ASF and CSF, respectively; Π, J, and M are the relevant quantum numbers of parity, total angular momentum, and its associated total magnetic number, respectively; α and β i stand for all the other quantum numbers that are needed to describe unambiguously the ASFs and CSFs. The summation in Eq. (4) is up to n c , the number of CSFs in the expansion, and each CSF is built from antisymmetrized products of relativistic spin orbitals. The c i coefficients, together with the orbitals, are optimized by minimizing an energy functional. The latter is built from one or more eigenvalues of the Dirac-Coulomb Hamiltonian depending on the optimization option adopted. In the present work, we have used the extended average level (EAL) option in which the (2J + 1) weighted trace of the Hamiltonian is minimized. The transverse Breit interaction, as well as other QED interactions such as the vacuum polarization and self-energy, have been included in the Hamiltonian matrix as perturbations. The configuration expansions were limited to n ≤ 2 for Al xii-Al v and to n ≤ 3 for Al iv-Al i excluding the 3d subshell. This code does not treat the continuum, and has thus been exclusively employed in comparisons of radiative data for bound-bound transitions.
Results and discussions
Detailed comparisons with previous data have been carried out in order to obtain accuracy estimates and detect weak points. In the following sections, we give a concise account of our computations of level energies, K-vacancy state radiative, and Auger widths, as well as wavelengths and radiative transition probabilities for K lines in members of the Al isonuclear sequence denoted by electron number N. Some unresolved transition array (UTA) characteristics are studied in the second-row ions (10 ≤ N ≤ 13), namely the λ Kα and λ Kβ UTA centroid wavelengths, the Kβ/Kα line ratio, the KLM/KLL and KMM/KLL Auger channel ratios, and the K-shell fluorescence yield ω K .
Energy levels
K-vacancy level energies for Al ions are very scarce in the literature. The NIST database (Ralchenko et al. 2008 ) lists values for He-, Li-, and Be-like aluminum that are interpolated or extrapolated from experimental level energies along isoelectronic sequences. Chen et al. (1981b) calculated values for the 1s2s2p configuration in Al 10+ using the Dirac-HartreeSlater (DHS) method. In Table 1 , we compare our calculated level energies obtained with the three independent methods (HFR, AUTOSTRUCTURE, and MCDF) with the two abovementioned data sets. In most cases, the agreement between the five data sets is better than 1 eV.
In Table 2 , we present a comparison between the Al Kedge energies given in the compilation of Deslattes et al. (2003) for the solid, the gas phase, and the theory (the relativistic many body perturbation theory, RMBPT) with values determined by combining the first ionization potential given in the NIST database for Al i (IP = 5.985755 eV) with the energy of the lowest K-vacancy energy level in Al ii obtained by our three methods. Here, all four calculations agree to within a few electronvolts with the gas phase experimental value. The HFR and the MCDF results are in close agreement and within 2 eV of the gas phase K-edge energy.
Wavelengths
Comparisons of wavelengths computed with our three independent methods are shown in Figs. 1-3 . For the first-row ions (2 ≤ N ≤ 9), good agreement between AUTOSTRUCTURE and HFR can be seen in Fig. 1 with an average wavelength difference of −1 ± 3 mÅ (error intervals hereafter correspond to one standard deviation, i.e. 68.33% confidence intervals). For these ions, our MCDF calculation predicts slightly longer wavelengths with an average difference of 7 ± 6 mÅ. In Fig. 2 , the comparison is shown for the Kα lines of the second-row ions (10 ≤ N ≤ 13). Both our AUTOSTRUCTURE and MCDF calculations predict slightly shorter wavelengths than HFR with average differences reaching −32 ± 2 and −27 ± 2 mÅ, respectively. The situation regarding the Kβ lines for these ions is somewhat different (see Fig. 3 ). The AUTOSTRUCTURE wavelengths are now marginally shorter than HFR with an average difference of −6 ± 4 mÅ, whereas MCDF wavelengths are in good agreement with HFR having an average difference of 0 ± 4 mÅ. Our HFR wavelengths agree with the values computed with HULLAC (Behar & Netzer 2002) to within a few mÅ except for the transitions listed in Table 3 . This table compares our three models with the HULLAC calculation of Behar & Netzer (2002) In Table 4 , for Al ions with 4 ≤ N ≤ 8, the average wavelength differences with respect to the experimental (laserproduced plasma) values of Faenov et al. (1994) , λ exp , are compared with our three independent methods. This average is defined as
where M is the number of classified lines. The absolute value of this quantity grows with the number of electrons, N, along the Al isonuclear sequence as already observed in the Ar isonuclear sequence (Palmeri et al. 2008a) . Differences with HFR vary from Δλ e = −3 for N = 4 to Δλ e = −24 for N = 8, whereas those with AUTOSTRUCTURE and MCDF vary from Δλ e = −5 for N = 4 to Δλ e = −22 for N = 8 and from Δλ e = 7 for N = 4 to Δλ e = −30 for N = 8 respectively. As a result of the comparisons with the spectroscopic data, our calculated wavelengths for systems with 4 ≤ N ≤ 8 have been empirically shifted with −Δλ e . Comparisons of our computed UTA centroid wavelengths, λ Kα and λ Kβ , for the second-row ions (10 ≤ N ≤ 13) with the theoretical and experimental values of Deslattes et al. (2003) , and the measurements of Lecherbourg et al. (2007) are presented in Table 5 . The AUTOSTRUCTURE and MCDF λ Kα values are definitely too short, while our HFR value for N = 12 agrees remarkably well with the relativistic many-body pertubation theory (RMBPT) calculation of Deslattes et al. (2003) and is slightly shorter (by ∼5 mÅ) than the measurement compiled by the same authors. Lecherbourg et al. (2007) observed a broad line at 8.331 Å close to our HFR UTA centroid value of 8.329 Å but ∼30 mÅ longer than our AUTOSTRUCTURE (8.300 Å) and MCDF (8.301 Å) UTA centroid values. Regarding the Kβ UTA centroid wavelengths also shown in Table 5 , a good agreement is observed for N = 12 between our HFR and MCDF calculations and the RMBPT value of Deslattes et al. (2003) , with AUTOSTRUCTURE 10 mÅ shorter and experiment (Deslattes et al. 2003 ) 20 mÅ longer. The Kβ line of Al iii observed by Lecherbourg et al. (2007) at 7.885 Å can also be compared to our predictions: 7.880 Å (HFR), 7.876 Å (AUTOSTRUCTURE), and 7.872 Å (MCDF). The λ Kα and λ Kβ trends along the secondrow ions are significantly different between our three calculations, although they all increase with N. It may be appreciated that HFR better agrees with the experimental trends.
Transition probabilities and radiative widths
In Fig. 4 , the ratios of the AUTOSTRUCTURE and HFR transition probabilities and those of MCDF and HFR are plotted as a function of the HFR A-values for the strong Al K lines, i.e. those with HFR A-values greater than or equal to 10 13 s −1 , in all ions of the isonuclear sequence. Concerning AUTOSTRUCTURE, the average ratio is 0.99 ± 0.10, indicating a good accord with HFR for the strong lines. For MCDF, although the average Avalue ratio is 0.97 ± 0.12 indicating fair agreement, two transitions in Be-like Al (N = 4) and three transitions in C-like Al (N = 6) have A-values that differ by more than 20% with respect to HFR. These transitions involve the K-vacancy states 1s( 1 S)2s2p 2,4 ( 2 D, 4 P) 3 D 1,2 and 3 P 1,2 for which the LS compositions differ markedly between our two calculations. The corresponding comparisons for the radiative widths are shown in Fig. 5 . The accord between AUTOSTRUCTURE and HFR is good with an average radiative width ratio of 0.99 ± 0.08, while the agreement between MCDF and HFR has deteriorated somewhat in the four Be-like (N = 4) levels 1s( 1 S)2s2p 2 ( 2 D, 4 P) 3 D 1,2 and 3 P 1,2 whose MCDF radiative widths differ by more than 20% (Chen et al. 1981b) . Deslattes et al. (2003) .
(e) Solid state experimental value given in Deslattes et al. (2003) .
( f ) Gas-phase experimental value given in Deslattes et al. (2003) . with HFR. Table 6 shows a comparison of the radiative parameters (A-values and radiative widths) for transitions involving these problematic K-vacancy levels. We compare two HFR calculations, the one described in Section 2 that includes the interactions with n = 3 configurations (HFR(n = 3)) and a second where we excluded them (HFR(n = 2)), with the MCDF calculation in which no n = 3 correlations have been considered. As one can see, the absence of correlations with n = 3 configurations in our MCDF calculation explains the differences with HFR(n = 3).
A comparison between our radiative widths and those of Chen et al. (1981a Chen et al. ( ,b, 1982 and of Vainshtein & Safronova (1978) is presented in Table 7 for ions with N = 2, 3, 7. The agreement among the five independent calculations is very good for widths greater than or equal to 10 13 s −1 , the others being more model dependent. AUTOSTRUCTURE widths are plotted as a function of the HFR width for values of the latter greater than 10 13 s −1 . A slight trend can be noticed where the AUTOSTRUCTURE values are higher with an averaged ratio of 1.06 ± 0.05.
Auger widths, total widths, and lifetimes
In Table 8 , a comparison between our Auger width values and those calculated by Chen et al. (1981a Chen et al. ( ,b, 1982 and by Vainshtein & Safronova (1978) for N = 3 and 7 is displayed. As for the radiative widths, a good accord among the four independent calculations can be seen for values greater than or equal to 10 13 s −1 , while the others are more model dependent. We compare the total widths, i.e. the sum of the radiative and Auger widths, computed with HULLAC by Behar & Netzer (2002) with our HFR and AUTOSTRUCTURE values in Table 9 . HULLAC total widths are systematically shorter with respect to both our data sets by up to a factor of 2 or more. Table 4 . Average wavelength difference, Δλ e , with respect to the laserproduced plasma experimental wavelengths of Faenov et al. (1994) for Al ions with electron number 4 ≤ N ≤ 8. The experimental error is 2 mÅ.
−6 ± 3 −8 ± 3 2± 5 6 −9 ± 3 −11 ± 4 −3 ± 3 7 −15 ± 2 −16 ± 4 −14 ± 2 8 −24 ± 4 −22 ± 3 −30 ± 2
Notes. (a) In a ± b, a is the actual average and b is the standard deviation. (b) HFR calculation (this work). (c) AUTOSTRUCTURE calculation (this work).
(d) MCDF calculation (this work). The available experimental lifetimes (Armour et al. 1981; Buchet et al. 1984; Hellmann & Träbert 1985) are compared to our predictions and to those of Chen et al. (1982) and Vainshtein & Safronova (1978) in Table 10 . Our AUTOSTRUCTURE and MCDF predictions and those of Chen et al. (1982) agree reasonably well with the BFS lifetimes, whereas our HFR values for the 1s2p 3 P o 1 He-like and 1s( 2 S)2p 2 ( 3 P) 4 P 3/2 Li-like levels are discrepant by up to a factor of ∼2. It was verified with AUTOSTRUCTURE that these states are particularly sensitive to the two-body Breit interactions that are missing from our HFR model. In this respect, that the 1/Z value for the 1s( 2 S)2p 2 ( 3 P) 4 P 3/2 level agrees with our HFR lifetime is puzzling, given that the 1/Z perturbation method is supposed to include these interactions.
The Kβ/Kα UTA line ratios computed with our three independent methods for Al ions with 10 ≤ N ≤ 13 are Deslattes et al. (2003) .
(e) Estimate from Fig. 6 of Lecherbourg et al. (2007) . Spectral resolution ∼10 mÅ.
( f ) Experimental value given in Deslattes et al. (2003) . 
Notes.
(a) HFR calculation including the interactions with n = 3 configurations (this work).
(b) HFR calculation excluding the interactions with n = 3 configurations (this work).
(c) MCDF calculation (this work).
compared with the recommended value of Schönfeld & Janssen (1996) in Table 11 . MCDF values are systematically in between those of HFR and AUTOSTRUCTURE, with HFR ratios the lowest values. Scatters between MCDF and HFR vary from 19% for N = 10 to 14% for N = 13. Regarding HFR and AUTOSTRUCTURE, they vary from 29% for N = 10 to 39% for N = 13. For Al + (N = 12), the AUTOSTRUCTURE ratio is within the error bar of the recommended value of Schönfeld & Janssen (1996) , with MCDF just outside and HFR within 2 standard deviations.
In Table 12 , HFR relative intensities of KLL Auger transitions in Al + (N = 12) and in Al 2+ (N = 11) are reported. The experimental values have been obtained from the KLL Auger electron spectrum recorded recently by Huttula et al. (2009) in the gas phase. A good agreement is observed between HFR and experiment. (e) DHS calculation (Chen et al. 1981a (Chen et al. ,b, 1982 . (Vainshtein & Safronova 1978) . (Chen et al. 1981a (Chen et al. ,b, 1982 .
(e) 1/Z calculation (Vainshtein & Safronova 1978) .
Concerning the KLM/KLL and KMM/KLL Auger channel ratios, comparisons between HFR, AUTOSTRUCTURE and the recommended values of Schönfeld & Janssen (1996) are presented in Table 13 . The HFR KLM/KLL ratio is right on the recommended value for N = 12, while the HFR KMM/KLL ratio is 2 standard deviations higher. Close accord is also found between the HFR and AUTOSTRUCTURE ratios except again for the KMM/KLL ratio in the singly ionized species (N = 12), where the latter is now closer to the recommended value.
The K-shell fluorescence yields ω K calculated by HFR and AUTOSTRUCTURE are also compared with the recommended value of Schönfeld & Janssen (1996) in Table 13 . The accord between HFR and AUTOSTRUCTURE is very good with differences between 4% for N = 10 to 9% for N = 13, with (Chen et al. 1982) .
( f ) BFS measurements (Armour et al. 1981) .
(g) BFS measurements (Hellman & Träbert 1985) .
(h) BFS measurements (Buchet et al. 1984) .
HFR values systematically lower than AUTOSTRUCTURE. Although the HFR value for N = 12 is outside the error bar of the recommended yield by a little more than 3 standard deviations, the difference is less than 10%, while the discord with AUTOSTRUCTURE grows to 16%.
Supplementary electronic tables
Computed level energies, wavelengths, radiative transition probabilities, absorption oscillator strengths, radiative and Auger widths, and K-shell fluorescence yields in Al 0 −Al 11+ can be accessed electronically at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:// cdsweb.u-strasbg.fr/viz-bin/qcat?J/A+A/vol/page. The printed version shows data for ions with electron number N ≤ 3. It may be seen in Table 14 that levels are identified with the vector (N, i, 2S +1, L, 2J, Conf) where N is the electron number, i the level index, 2S +1 the spin multiplicity, L the total orbital angular momentum quantum number, J the total angular momentum quantum number, and Conf the level configuration assignment. For each level, the computed HFR energy and its radiative width A r (i) are listed. For K-vacancy levels, the Auger width A a (i) and the K-shell fluorescence yield ω K (i) are also given. In Table 15 transitions are identified with the vector (N, k, i) where k and i are the upper and lower level indices, respectively, (Schönfeld & Janssen 1996) . tabulating its computed wavelength λ, radiative transition probability A r (k, i), weighted oscillator strength g f (i, k), and cancelation factor CF as defined by Cowan (1981) . The empirically shifted wavelengths are given for 4 ≤ N ≤ 8 (see Sect. 3.2).
Summary and conclusion
Extensive data sets containing energy levels, wavelengths, radiative transition probabilities, absorption oscillator strengths, radiative and Auger widths, and fluorescence yields for K-vacancy levels in the aluminum isonuclear sequence have been computed with the atomic structure codes HFR, AUTOSTRUCTURE, and GRASP.
Comparisons of K-vacancy level energies calculated with our three independent methods with the few data available in the literature for 2 ≤ N ≤ 4 (Ralchenko et al. 2008; Chen et al. 1981b) show an agreement better than 1 eV in most cases. Our calculated K-edge energies for N = 12 were also compared with the data given in Deslattes et al. (2003) ; they agree within a few electronvolts with the RMBPT and the gas-phase values reported in that compilation.
Concerning wavelengths, a good accord is found (within a few mÅ) between our three calculations for the first-row ions (2 ≤ N ≤ 9), while both AUTOSTRUCTURE and MCDF predict shorter wavelengths (by ∼30 mÅ) than HFR for the Kα lines of second-row ions (10 ≤ N ≤ 13), but an accord of a few mÅ is held for the Kβ lines of these ions. As a result of the comparisons with the laser-produced plasma wavelengths (Schönfeld & Janssen 1996) . Table 14 . Al valence and K-vacancy levels with electron number 2 ≤ N ≤ 3. of Faenov et al. (1994) , our calculated wavelengths for systems with 4 ≤ N ≤ 8 were empirically shifted. Nonetheless, the quality of our HFR wavelengths for ions with 10 ≤ N ≤ 13 is supported by comparisons with the laser-produced plasma experiment of Lecherbourg et al. (2007) and the data of Deslattes et al. (2003) . Our HFR wavelengths agree with the HULLAC values (Behar & Netzer 2002) to within a few mÅ except for a few cases. Regarding the radiative properties (A-values and radiative widths), our three calculations agree to within ∼10% for values greater than 10 13 s −1 if we exclude the decay properties of the Be-like and C-like levels 1s( 1 S)2s2p 2,4 ( 2 D, 4 P) 3 D 1,2 and 3 P 1,2 which are found to be sensitive to correlations with n = 3 configurations not considered in both of our AUTOSTRUCTURE and MCDF calculations. DHS and 1/Z radiative widths of Chen et al. (1981a Chen et al. ( ,b, 1982 and Vainshtein & Safronova (1978) , respectively, are found to be in reasonable accord with our three data sets for widths greater than or equal to 10 13 s −1 , the others being more model dependent.
With regard to the Auger widths, good agreement is found between HFR and AUTOSTRUCTURE for values greater than 10 13 s −1 , although the latter predicts slightly larger widths. As for the radiative widths, the DHS Auger widths computed by Chen et al. (1981a,b) for N = 3, 7 and the 1/Z theoretical values of Vainshtein & Safronova (1978) are in reasonable accord with our values that are greater than or equal to 10 13 s −1 , and the others are more model dependent. HULLAC total widths (Behar & Netzer 2002) are systematically shorter by up to a factor of 2 or more than both our HFR and AUTOSTRUCTURE values. Comparisons of our predicted lifetimes with the available measurements (Armour et al. 1981; Buchet et al. 1984; Hellmann & Träbert 1985) have shown the importance of the two-body Breit interactions.
Our computed Kβ/Kα line ratios, KLM/KLL and KMM/KLL Auger channel ratios, and K-shell fluorescence yields have been compared with the recommended values of Schönfeld & Janssen (1996) for N = 12. The AUTOSTRUCTURE line ratio is within the error bar, with
